The audiovisual bounce inducing effect (ABE) is a bouncing percept induced by the presentation of a sound in a motion display otherwise perceived as streaming. The literature suggests that the origin of the ABE is double: the effect stems from the action of an attentional component and that of a non-attentional component. However, the type of response classically gathered in ABE studies does not enable the disentanglement of the two components. Here, we used the ABE stimuli in a detection task and observed the effect of the sound on participants' sensitivity (hypothesised to be linked to the attentional component) and on response bias (hypothesised to be linked to the non-attentional component). The sound affected sensitivity and response bias in a way that is consistent with that expected by a selective modulation of the attentional and nonattentional component by the sound.
Introduction
Illusory percepts are often investigated by translating the self-report assertion 'I see the illusion' in an experimental paradigm, where it is possible to control for (or measure) the possible assertion's related response bias (e.g., Barlasov-Ioffe and Hochstein, 2008 ). In the current study, we used a similar approach to investigate the origin of the audiovisual bounce inducing effect (ABE, Dufour et al., 2008; Casco, 2009, 2010; Grove and Sakurai, 2009; Kawabe and Miura, 2006; Kawachi and Gyoba, 2006; Remijn et al., 2004; Sekuler et al., 1997; Watanabe and Shimojo, 2001; Zhou et al., 2007) .
The ABE is one of the most compelling examples of interaction between audition and vision. ABE can be observed by comparing the post-coincidence trajectories of two moving objects. The objects are perceived as bouncing off each other or as streaming through each other according to whether a sound is presented (or not) when the objects overlap during motion Casco, 2009, 2010; Grove and Sakurai, 2009; Kawabe and Miura, 2006; Kawachi and Gyoba, 2006; Remijn et al., 2004; Sekuler et al., 1997; Watanabe and Shimojo, 2001; Zhou et al., 2007) . The ABE is based on a motion display originally proposed by Metzger (1934) . Metzger's display shows two identical objects (e.g., two discs) that move along the azimuth with uniform rectilinear motion in opposite directions: discs start their motion, overlap, and stop at the other disc's starting point. This simple two-dimensional display is a complex inverse optics problem for the visual system (Marr, 1982) . The display is equally representative of two different events in the real, three-dimensional world. In both events, the two objects are placed at different depths so that the retinal images of both are identical in size. In one event, the objects start their motion, overlap (i.e., one object occludes the other), then stream past one another (respectively, trajectories A-B, C-D in Fig. 1 left) . In contrast, in the other possible event, following occlusion, the objects reverse their motion and return to their original starting position (respectively, trajectories A-D, C-B in Fig. 1 left) . In brief, the motion of the discs is bistable because both the streaming and bouncing (i.e., coming back (see Note 1)) percepts are compatible with the proximal stimulus.
The ABE is thought to have a double origin. The first component at the origin of the effect is possibly attentional. When looking at the silent display, attention integrates the discs' local motion signals at overlap, thereby favouring the perception of streaming (Kawabe and Miura, 2006; Shimojo, 1998, 2005) . In audiovisual displays, the sound is presented when the integration process occurs, i.e., when the discs overlap. Therefore, the sound subtracts part of the attentional resources that are necessary for the execution of the integration process. In accordance with the attentional hypothesis, bounce responses can also be induced with brief tactile or visual stimulations, as long as they are delivered simultaneously Figure 1 . Two-dimensional representation of the motion displays used in the experiment. The left part of the figure represents Metzger's display (i.e., CO, complete overlap). The right part of the figure represents a possible PO (i.e., partial overlap) display. In our experiment, the disks' actual motion was horizontal.
with the discs overlap (Kawabe and Miura, 2006; Shimojo, 1998, 2005) . However, note that perfect simultaneity between discs' overlap and concurrent stimulation is not necessary to induce the bounce response. For example, sounds are effective in a temporal interval of ±150 ms around the discs' overlap (e.g., Sekuler et al., 1997) . Recent results, however, suggest that the attentional component alone cannot account for the explanation of the entire effect. The lack of attention is necessary (but not sufficient) for a compelling ABE Casco, 2009, 2010) . In fact, the ABE is larger when the amplitude content of the sound (or its frequency content) is congruent with that of a real impact sound (respectively, Casco, 2009, 2010) . Therefore, Casco (2009, 2010) argued that the ABE also had a non-attentional origin. The authors suggested that the ABE could be explained in terms of a response bias or, alternatively, that visual and auditory signals could be integrated in the multimodal percept in a manner that is maximally consistent across both modalities (e.g., Ernst and Banks, 2002) . For example, since the sound is the acoustical consequence of the impact between solid objects (Sekuler et al., 1997) , it is likely to be attributed to the discs' impact, as suggested by the 'unity assumption' hypothesis (e.g., Vatakis and Spence, 2007; Welch and Warren, 1980) . Consequently, the discs' motion is perceived as bouncing.
So far, the ABE has been investigated by asking participants to assert whether they perceive the discs as streaming or as bouncing. In one case only, authors used speeded responses (e.g., Sanabria et al., 2004) and inferred the effect of the sound on discs' motion from the different reaction times to the experimental conditions. Nonetheless, the response gathered by all studies embeds the attentional and non-attentional components and does not enable them to be disentangled. In brief, although the two components have been hypothesised, no empirical evidence has yet revealed the existence of the two. For this purpose, we investigated how the ABE affects the results of a detection task. Participants were shown displays on which discs overlap completely during their motion (CO display, i.e., the Metzger's display) or displays on which the discs never overlap completely during their motion (PO displays) and were asked to detect the presence of the overlap frame in the motion display. In order to accomplish the task, participants will look at perceptual similarities across displays. The CO display is perceived as streaming, whereas the PO display tends to be perceived as streaming (or as bouncing) based on how many overlap frames are removed from the motion display. Furthermore, with both displays, the addition of a sound makes the perception more bouncing-like (see Grassi and Casco, 2009, Experiments 5 and 6) . The idea behind the experiment is that, due to the perceptual similarities across displays, the results of the detection task will reveal the double origin of the ABE. Looking more in-depth, we hypothesise that the double origin will result in a modulation of the sensitivity index (i.e., d ) and the bias index (i.e., c) by the sound. If the sound subtracts the attentional resources that integrate the discs' local motion signals in the overlap region, we may expect sensitivity to be reduced when the sound is presented, versus not presented, because the display's perception changes from streaming to bouncing. It is worth observing that a reduction in sensitivity due to the sound is also in contrast with the results reported in the literature. The sound, in fact, usually improves vision sensitivity in the detection task (e.g., Lippert et al., 2007; Pascucci et al., 2011) . Moreover, we expect to observe the action of the non-attentional component of the ABE in a modulation of the bias index c. In other words, subjects may be willing to return the same response-type for perceptually similar displays regardless of their ability to detect the overlap frame. It is important to note that this result is also in contrast with possible predictions because, in the current experiment, the presence of the sound is uninformative about the presence/absence of the overlap frame. At the end of the detection task, subjects were presented with the displays once again, but this time they were asked to the report whether discs appeared as streaming or bouncing. This second block of trials was performed to assess the perceptual similarities across displays for the participants' group.
Method

Participants
Twelve participants (6 males) with normal or corrected-to-normal vision and hearing participated in the experiment. They were all naive as to the purpose of the study.
Apparatus
We implemented our experiments in Matlab (Mathworks © ) using the Psychophysics Toolbox extension (Brainard, 1997; Pelli, 1997) . The software was running on a Pentium IV computer connected to a NEC Multisync FP950 monitor (100 Hz refresh rate). Sounds had a sample rate of 44.1 kHz and a resolution of 16 bits. The output of the soundcard (M-AUDIO Fast Track Pro) was passed to two M-AUDIO Studiophile AV 30 amplified speakers. The speakers were placed at the left and right of the monitor and the speakers' drivers were aligned with the monitor's horizontal midline so that the combined sound wave originated from a direction coinciding with the monitor's centre. The experiment was conducted in a dark and silent (below 35 dBA at the listener's ear) room. During the experiments, the sounds' peak pressure at the listener's ear was 95 dBA.
Stimuli
Participants evaluated six audiovisual displays: two CO displays (one silent, one accompanied with a sound), two 60% PO displays (one silent, one accompanied with a sound) and two 80% PO displays (one silent, one accompanied with a sound). In all displays, the motion consisted of two black discs (each subtending 0.30°visual angle) that moved within a white (67.0 c/m 2 ) square (3.00°) placed in the centre of a black (0.09 c/m 2 ) background. The background and the square region were continuously present during the experiment. The discs' motion started at the beginning of each trial from the left/right extremities of the square's horizontal axis. Discs moved horizontally in a uniform rectilinear motion (2.30°/s) from two opposite positions in space. In CO displays, discs overlapped partially, then completely, and finally continued their motion and stopped at the other disc's starting point. PO displays were obtained by subtracting the overlap frame together with either the frame (80% PO) or the three frames (60% PO) preceding the overlap frame from the CO display. In 80% PO and 60% PO displays, discs overlapped for a maximum of, respectively, 80% or 60% of the disc's diameter. The discs' motion lasted a minimum of 1.30 s (60% PO) up to a maximum of 1.26 s (CO). The discs disappeared after the motion.
The sound used for the displays accompanied by sound was a harmonic complex tone obtained by adding ten sinusoids, with frequencies corresponding to harmonics 1-10, of a 250 Hz fundamental. All sinusoids had an identical phase and amplitude. The tone's duration was 100 ms, and the tone's envelope was damped in sound pressure level over the tone's duration. The damping was obtained by modulating the amplitude of the tone with an exponential ramp (100 ms long) that decreased by 40 dB. The resulting amplitude modulated tone was gated on and off with two 5 ms raised-cosine ramps. The tone was switched on simultaneously with the discs' touch. In sound-absent displays, a 'sound' was also played. However, the amplitude of this sound was null (see Note 2).
Procedure
Participants viewed the display binocularly from a distance of 2.60 m. Participants performed two blocks of trials. Each block consisted of 480 displays (half accompanied by sound): 240 CO and 240 PO (120 60% PO, 120 80% PO). In each block, displays were presented in random order. In the first block, during each trial, participants were asked to report the presence/absence of the 100% overlap frame by pressing the appropriate button on the computer keyboard. Before the block, participants were informed that the motion display consisted of the motion of two discs and that, during the motion, discs could overlap completely (such as in an eclipse) or not. They were also informed that some trials were accompanied by a sound, but that the sound was not informative about the presence/absence of the overlap frame. In order to familiarize participants with the task, before the experiment, participants were shown examples of exaggerated PO displays and CO displays. When the first block was completed, the second block began. In the second block, subjects were told to look at the displays once again, but this time, they were asked to report whether discs appeared to be streaming or bouncing.
Results
Participants' responses to the trials of the first block were coded as hit (i.e., PO response to PO displays) and false alarms (i.e., PO response to CO displays), and the signal detection theory indexes d and c were calculated for each participant and separately for 60% PO no sound, 80% PO no sound, 60% PO with sound and 80% PO with sound displays. Participants' sensitivities were very different. For example, in the 80% PO with sound display, sensitivity ranged from a minimum of 0.64 (just above 60% correct in a yes/no detection task) up to a maximum of 3.39 (above 95% correct in a yes/no detection task). The d s were subjected to a 2 (sound vs. no sound) by 2 (60% PO vs. 80% PO overlap) two-way ANOVA. The sound affected the sensitivity of the participant, F (1, 11) = 22.79, p < 0.001. In other words, participants performed better in silent trials. Moreover, the amount of overlap of the display affected the performance, F (1, 11) = 29.24, p < 0.001, because the detection was easier with the 60% PO than with the 80% PO. The interaction was not significant: F (1, 11) < 1. In addition, four one-sample t-tests were run on the four cells of the ANOVA in order to see whether the participants' performance was above a d of zero (i.e., inability to distinguish between the PO and the CO display). The alpha level for the t-test was adjusted with the Bonferroni correction. All t-tests produced a significant result: all t (11) > 5, all ps < 0.001. The sensitivity results are represented in Fig. 2 .
The same analysis was calculated on the response bias c. Participants changed the way they responded, either because of the sound, F (1, 11) = 8.15, p = 0.016, or because of the amount of overlap, F (1, 11) = 57.16, p < 0.001. The interaction was not significant (F < 1). The t-tests revealed that the bias was positive (bias for the 'overlap frame present') for the 80% overlap condition without sound, M = 0.54, SD = 0.51, t (11) = 3.64, p < 0.004. Conversely, the c index was no different from zero for the 60% no sound condition: M = 0.10, SD = 0.44, t (11) < 1. In addition, the c index was negative (bias for 'overlap frame absent') for the 60% PO with sound, M = −0.45, SD = 0.50, t (11) = −3.07, p = 0.011 and null (i.e., not different from zero) for the 80% PO no-sound condition: M = −0.06, SD = 0.55, t (11) < 1. The bias results are represented in Fig. 3 .
The responses collected in the second block of trials were subjected to a 2 (sound vs. no sound) by 3 (60, 80 and 100% overlap) two-way ANOVA. Participants returned more bounce responses with displays accompanied by the sound: F (1, 11) = 63.33, p < 0.001. Moreover, the less the disc overlapped, the more the participants returned the bounce response: F (2, 22) = 34.77, p < 0.001. The interaction was not significant: F (2, 22) = 3.45, p > 0.05. These results are represented in Fig. 4. 
Discussion
In the current study, we investigated how the ABE affects the results of a detection task. Participants were shown CO and PO displays and were asked to detect the presence of the overlap frame in the motion display. In order to accomplish the task, participants should have looked at perceptual similarities across displays. Therefore, the idea behind the experiment is that, because of these perceptual similarities, the results of the detection task would leak the double origin of the ABE in a modulation of the sensitivity index d and the bias index c, passing from no-sound to sound conditions. Consequently, a reduction in sensitivity by the sound would be consistent with the action of the attentional component of the ABE. The sound is thought to reduce the subjects' sensitivity in the detection task because it makes displays perceptually different. The silent displays were more often perceived as streaming, whereas those accompanied by the sound were more often perceived as bouncing. In addition, a modulation of the bias by the sound would be consistent with the action of the non-attentional component of the ABE because subjects are likely to use similar responses for perceptually similar displays, regardless of their ability to accomplish the detection task.
Altogether, the results of the detection task, corroborated by those of the subsequent task, suggest that subjects looked at perceptual similarities across displays in order to perform the tasks. Therefore, the modulation observed on the signal detection indexes by the sound reveals the role of the attentional component (i.e., that linked to the subject's sensitivity) and the non-attentional component (i.e., that linked to the response bias) of the ABE. For example, it can be speculated that, when looking at a display where discs overlap almost completely (i.e., the 80% PO), participants may group by continuity of motion. The PO display is scarcely discernable from the CO display. When the sound is absent, attention favours the grouping by continuity and participants tend to perceive this display as a streaming pattern. Conversely, when the sound is presented, the integration of the discs' motion by attention does not work as well, and, as a result, the display may become more ambiguous (i.e., it can be more easily seen as a bouncing) and subjects may fail in the detection task because they can no longer rely on the main cue for detection: perceptual similarity. It may be worth noting that the reduction of sensitivity caused by the sound is also in contrast with the results reported in the literature. Sounds usually improve subjects' performance in detection tasks (e.g., Lippert et al., 2007; Pascucci et al., 2011) because the sound can be used as a temporal cue to prompt the subject to look at the stimulus. Moreover, in the current experiment, sound could be used as a temporal cue to prompt the participant to look at the motion display. By the same token, the subjects' sensitivity was found to be similar for the detection of the overlap frame in the 80% no-sound condition and in the 80% sound condition (see Fig. 2 ). However, performance in the two conditions is differentiated by response bias, as revealed by the change in sign of the c index. In the former condition, subjects more often responded that the overlap frame was present. In the latter condition, subjects more often responded that the overlap frame was absent. The change in the way subjects use the response can be explained only if we look at the way in which the two displays are perceived (see Fig. 4 ). The former is perceived as more streaming like than the latter. Therefore, subjects used the same response-type for perceptually similar displays.
Here, we would like to speculate about the specific role of the attentional and non-attentional components. The sound is thought to subtract the attentional resources that are used to integrate the discs' motion in the overlap region. However, the sound could also momentarily 'freeze' the discs' motion 'in time' (e.g., Vroomen and de Gelder, 2000) . This subjective stop may have the same perceptual consequences of a real pause in the discs' motion: a pause during the overlap frame is known to raise the spontaneous rate of bounce responses to Metzger's display (e.g., Berthenthal et al., 1993; Sekuler and Sekuler, 1999; Sekuler et al., 1997) .
In contrast, it is not yet clear how the non-attentional component works. The simplest hypothesis is a response bias with subjects preferentially using one response (or the other) as a function of the presence/absence of the sound per se. Alternatively, it is possible that, when the sound is integrated in the multisensory percept, if the audiovisual image fits with that of an impact between solid objects (Vatakis and Spence, 2007; Welch and Warren, 1980) , the perception is turned into a bouncing pattern. One result supports this second possibility. In the second block of trials, subjects returned more bounce responses for PO displays accompanied by sound than for CO displays accompanied by sound. In both cases, an identical sound was presented. However, the PO motion display (more than the CO display) fits with the two-dimensional motion pattern of bouncing objects. The PO motion pattern is, in fact, compatible with that of a real bounce when transposed into a two-dimensional motion (Koffka, 1935) . In addition, here, we would like to advance a further speculation. The following is a peculiar aspect of the ABE: regardless of the contingent characteristics of the display, the observation of one display returns either a clear bounce percept or a clear streaming percept (Watanabe and Shimojo, 2001 ). However, at the end of the experiment, the various displays may score very different percentages of bounce responses. The non-attentional component may rectify a sensory signal that was just processed by attention. This signal may be, more or less, streaming in accordance to the specific concurrent stimulus that was presented in the overlap region. However, a perceptual decision must be made. At this stage, the non-attentional component rectifies, in one direction or the other, the output of the sensory signal processed by attention in a way that is stochastic across trials but deterministic within the trial. In the long run, the net result of the stochastic process could be dependent on the degree of appropriateness of the sound with the bouncing (or streaming) pattern (e.g., Casco, 2009, 2010; Watanabe and Shimojo, 2001) . In other words, the net result may depend on a comparison, across trials, of the various experimental conditions. In fact, a second, peculiar characteristic of the ABE is that the bounce-response rate observed for Metzger's display accompanied by the sound is different according to the specific experimental conditions that are used in the experiment. For example, here, this display gathered slightly less than a 50% bounce response, which is much lower than that usually observed in other experiments (usually over 80%), because in the current experiment, some displays (e.g., the PO display with sound) were more bouncing-compatible than Metzger's display with sound.
The current experiment suggests an alternative way to investigate the ABE. Other studies reported alternative methods to investigate the same effect (e.g., Sanabria et al., 2004) . However, the method used here is the only one that enables us to estimate the possible response bias that is inherent in the answer to the question: 'Are the discs streaming or bouncing?' The method suggested here may help in understanding the net effect of various stimuli that have been coupled with the bistable motion pattern ideated last century by Metzger.
